High paralarvae mortality is a major bottleneck currently hindering the control over the lifecycle of common octopus (Octopus vulgaris Cuvier, 1797). It is believed that this problem might be related to either zoo-technical and/or nutritional aspects. The present paper is focused on the study of different zoo-technical aspects related to light conditions on the rearing of paralarvae, including the effects of polarization in prey ingestion, the use of a blue filter to simulate natural conditions, and the use of focused light to avoid reflections of the rearing tank's walls. In the first experiment, O. vulgaris paralarvae ingestion of Artemia sp. and copepods (Tisbe sp.) was assessed under either normal or polarized light. In the second experiment, the effect of a blue filter with natural light or focused artificial light on growth and mortality was assessed over 15 days of rearing. Ingestion rate was not influenced by light polarization. Nonetheless, a significantly higher ingestion of Artemia sp. with respect to copepods was observed. The blue filter promoted the use of natural light conditions in Octopus paralarval culture, while focused light reduced the collision of the paralarvae against the walls. However, no significant differences were found in paralarval growth nor survival.
Introduction
The common octopus (Octopus vulgaris Cuvier, 1797) is an excellent candidate for aquaculture diversification, due to its easy adaptability to captivity conditions, high growth and reproduction rate, high economic value, high market demand, and dramatic natural stock capture decline [1] . However, high paralarvae mortality remains a bottleneck hindering the control over its lifecycle. This lack of control might be due to either zoo-technical or nutritional aspects [2] . In fact, not only providing preys with suitable nutritional value is important for paralarvae, but also the rearing setup must assure that preys are easily detected, to avoid an excess of energy expenditure in prey capture. In this sense, adaptation of aquaculture seawater systems design is important to reach proper growth, survival, and industrial-scale production.
Previous studies have shown that light and the surrounding environment are some of the major factors influencing survival, growth, and prey capture in cephalopods culture [3] [4] [5] [6] . The use of artificial light, commonly used in the first life stage of finfish or cephalopod culture, differs in many aspects from the natural light found in the wild by paralarvae. It is known that light polarization and wavelength absorption, which vary according to depth and water physicochemical conditions, may affect cephalopods [7] [8] [9] [10] . In the ocean, the natural light is mainly scattered by water molecules, turning the sunlight into polarized light. According to Shashar et al. [7, 11] , many marine organisms are able to recognize this type of light, using it for displacement, prey search (facilitating the detection of preys with high level of transparency), and communication (since some objects and animals are able to produce their own pattern of polarization). In fact, several studies have shown that the adult octopus is sensitive to polarized light [12, 13] . Although octopus paralarvae maybe also sensitive, no studies have ever been performed to actually determine their sensitivity to polarized light or its effect in prey capture [14] .
Villanueva et al. [15] showed that different preys induce different types of behavior in paralarvae. Artemia sp. is the most commonly used prey in O. vulgaris paralarvae rearing due to its availability and production logistics. Nonetheless, its nutritional value is not appropriate for paralarvae development and thus survival is low [14, 16] . Copepods could be used as a possible alternative prey to feed paralarvae, due to its nutritional profile [17] . In fact, copepods are a natural prey of paralarvae [18] [19] [20] [21] and a previous study using co-feeding of copepods (Acartia tonsa Dana, 1849) and Artemia sp. nauplii attained improved survival [16] . In addition, the use of copepods could also be advantageous due to its erratic swimming behavior, which could be attractive to octopus paralarvae [22] . Similar behavior has been found for crustacean zoeae, the main natural prey of O. vulgaris paralarvae [16, 23] .
In the wild, differences in the light spectrum are depth dependent, since irradiance levels decrease with depth increase. Wavelengths are absorbed at different levels, with the pale blue-green rank (λ ≈ 450 nm) being the one that reaches the greatest depth in oceanic waters [8] . According to Mangold [24] , Otero et al. [25] , and Roura et al. [26] , O. vulgaris paralarvae are distributed in the water column from a depth of 20 to 100 m. In this sense, specific light filters, which differently absorb the distinct spectrum ranks, could be used to simulate those irradiance conditions in captive environments such as culture tanks [27] .
Previous trials, performed at the Spanish Institute of Oceanography (IEO) facilities, showed that paralarvae were attracted by the rearing tank walls with the most intense light reflection, promoting a paralarvae gathering near tank walls and increasing the number of collisions against it. However, when light reflection was eliminated, paralarvae moved away from the walls [28] . Those impacts may provoke skin lesions on mantle and tentacles, as described by Vidal et al. [29, 30] , which affects the development and survival of paralarvae. According to Villanueva and Norman [14] , octopus paralarvae seem to display a positive photo tactic behavior. In fact, the use of light conditions to improve cephalopod rearing is not new. Sykes et al. [5] obtained increased growth and survival in cuttlefish hatchlings with the use of black tanks, which promoted a lower light intensity condition due to lower light reflections within the rearing tank. This study led those authors to test the use of different light intensities in black tanks, with the best results being achieved at low light intensities [31] . Both factors contributed to the weaning of Sepia officinalis from the first day after hatching on frozen food [32] . Therefore, tank light conditions could be an important factor in the rearing of visual animals including cephalopods.
In the present study, several light characteristics resembling those of natural environmental conditions were simulated in the rearing of O. vulgaris paralarvae. In the first trial, the effect of polarized light on paralarvae prey ingestion (fed either Artemia sp. or Tisbe sp.) was analyzed. In the second, a specific filter with natural light was tested to achieve a light spectrum similar to 20-40 m of ocean depth (natural depth of wild individuals), and artificial light reflection on rearing tanks was avoided, studying their effects on paralarvae growth and survival after 15 days of rearing.
Results and Discussion
The results of polarized light effect (Experiment 1; Trials 1 and 2) on new octopus hatchling ingestion are shown in Table 1 . No significant differences were detected in prey ingestion either in Artemia sp. or copepods regarding polarization. The ability of cephalopods to use polarized light in the detection of transparent preys was previously reported by Shashar et al. [11] , since the polarization of light can turn the preys visible to cephalopods, revealing their presence. Therefore, modifications in light polarization can change paralarvae prey choice [33] . The lack of differences observed in the present study suggests that, under our culture conditions, Artemia sp. and copepods seem to be easily located by the paralarvae regardless of light conditions (polarized or unpolarized). With respect to the type of prey, significant differences were found, with Artemia sp. nauplii being the most ingested prey (p < 0.01). The lower ingestion of copepods could be explained by several causes. The genus Tisbe is a benthic copepod [34, 35] while paralarvae are mostly planktonic; this could have limited paralarvae predation and ingestion. On the other hand, paralarvae are known to be very selective in prey selection and capture, using a complex system of receptors, namely photoreceptors, mechanoreceptors, and chemoreceptors [14, 23] . Therefore, additional studies with other preys and different rearing environments are necessary to better understand the effect of polarized light in the O. vulgaris paralarvae behavior.
The Artemia sp. ingestion in this study (27.3-35.3 Artemia nauplii/day) was higher than that registered by Márquez et al. [4] (0.8-16 Artemia metanauplii/day). The differences between both studies could be explained by several factors, namely the larger volume used in the present study (50 mL vs. 9.2 mL), the lower light intensity (100 lux (0.15 W/m 2 ) vs. 750 lux (7.5 W/m 2 )), the lower prey density (1 nauplii/mL vs. 9.4 metanauplii/mL), prey size (nauplii vs. metanauplii), or the higher temperature (22.6 • C vs. 20 • C). Regarding the latter, high temperatures are associated to higher oxygen consumption and energy loss in paralarvae, increasing its prey consumption as it has been suggested by Repolho et al. [36] . On the other hand, Márquez et al. [4] suggested a saturating effect of prey density on paralarval prey intake, and Iglesias et al. [37] pointed out that O. vulgaris paralarvae showed higher prey attack at lower prey densities, as well as a preference for large Artemia sp. Finally, light intensity must be taken into account as an important factor in paralarval predation. Unfortunately, there are multiple parameters that can affect paralarvae behavior, therefore more studies should be performed in order to optimize O. vulgaris paralarvae rearing in a similar way to what has been done for other cephalopod species [38] .
In Experiment 2, the effect of different light conditions in growth and survival of 15-day-old paralarvae was assayed. No differences were detected among treatments for 15-day-old paralarvae ( Table 2 ). The blue filter treatment (resembling natural light conditions) displayed similar survival and growth values to those obtained with artificial light (control). Natural light in the culture of cephalopod paralarvae seems to have a negative effect on survival and could even cause stress on paralarvae due to instability in the photo-environment [3, 39] . Therefore, the blue filter might reduce the abovementioned negative effects. However, it should be considered that the effect of natural light without the blue filter was not tested in the current study, and further studies are needed to clarify the potential benefits of this filter. Regarding the focused light, paralarvae remained far from the tank walls since there were no light reflections on the tank walls, while in the control group, paralarvae contacted with tank walls, as a consequence of paralarvae positive photo tactics [14] . However, these observations were not recorded, and consequently could not be quantified. No skin lesions were detected in the control group (Figure 1 ), in spite of the abovementioned behavior. This could be explained by the low flow speed setup, since skin damage has been described to be associated with the use of strong hydrodynamics in paralarvae of Loligo opalescens [29] and O. vulgaris [16] . Regarding the focused light, paralarvae remained far from the tank walls since there were no light reflections on the tank walls, while in the control group, paralarvae contacted with tank walls, as a consequence of paralarvae positive photo tactics [14] . However, these observations were not recorded, and consequently could not be quantified. No skin lesions were detected in the control group (Figure 1 ), in spite of the abovementioned behavior. This could be explained by the low flow speed setup, since skin damage has been described to be associated with the use of strong hydrodynamics in paralarvae of Loligo opalescens [29] and O. vulgaris [16] . 
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Octopus vulgaris Broodstock
The O. vulgaris broodstock individuals were caught by professional artisanal fishermen in the coast of Tenerife (Canary Islands, Spain). Individuals (N = 10) with a mean wet weight (MWW) of 1309 ± 503 g, were then kept in 1000-L circular fiberglass tanks of a flow-through seawater system with a 5 L/min inflow, under natural photoperiod (from 10L:14D to 11L:13D h of light (L) and dark (D)), with a water temperature of 18.90 ± 0.64 • C and 36.8 ± 0.14 practical salinity unit (PSU) of salinity. Temperature was measured with a Tinytag Plus 2 (TGP-4020; Gemini Data Loggers Ltd., Chichester, West Sussex, UK) and salinity with a hand refractometer (ATAGO S/Mill-E, Tokyo, Japan).
Three octopuses with similar weight were placed in each tank, with a sex ratio of two females per male (2 ♀:1 ♂). Adult octopuses were fed ad libitum with frozen squid (L. opalescencs) and frozen shrimp (Penaeus vannamei). The presence of eggs was daily verified and when an egg mass was observed inside the pot, the female was individualized in a tank with similar volume.
Experiment 1-Effect of Polarized Light on Prey Capture
For this experiment, two 50-L rectangular tanks, with a small opening on the top were subjected to polarized (P) or unpolarized (UP) light, which was attained with a specific lens (Washin Korea S.A., Cheoncheon-dong, South Korea). In each tank, a 100 W incandescent bulb was connected to a potentiometer to achieve an intensity of 100 lux (0.15 W/m 2 , according to the factor 1 W/m 2 = 683 lux, assuming wavelength at 555 nm [40] ) at the water surface of the tank, which was measured with a LUTRON LX-101 luxmeter (Lutron Electronics Co, Coopersburg, PA, USA).
Six 50-mL glass beakers were placed inside each 50-L tank with different light (P and UP). Fifty preys were added to each beaker, either Artemia sp. nauplii (SepART; EG, INVE AQUACULTURE, Dendermonde, Belgium) or copepod (Tisbe sp.), collected from Brachionus plicatilis culture tanks at IEO own facilities. One newly hatched octopus was added to each beaker. Therefore, triplicates of prey were assessed under each type of light. After 24 h, the number of prey ingested by each paralarvae was determined. To increase the statistical power of results, the experiment was performed twice. Average water temperature was 22.6 ± 0.3 • C, and salinity was 36.8 ± 0.14 PSU.
Experiment 2-Effect of Blue Filter or the Elimination of Light Wall Reflection on the Rearing of O. vulgaris Paralarvae
Paralarvae rearing was performed during the first 15 days in 100-L fiberglass (black wall and white bottom) cylinder-conical tanks of a flow-through seawater system with a 1 mL/s flow rate (85% water renovation/day). A total of 5400 paralarvae were used, at a density of 3 paralarvae/L (300 paralarvae/tank). Paralarvae were daily fed with 0.05-0.1 Artemia sp. metanauplii/mL (SepART; EG, INVE AQUACULTURE). Metanauplii were previously enriched over 24 h with 1 × 10 7 cells/mL of lyophilized Nannochloropsis gaditana (Ng; Fictoplancton Marino S.L. Cádiz, Spain) at a density of 2.4 nauplii/mL. Water temperature and dissolved oxygen saturation of the rearing tanks were daily measured with a METER PRO ODO oxymeter (YSI Inc., Yellow Springs, OH, USA), and were maintained at 20.1 ± 0.26 • C and 101.5 ± 1.8% of oxygen saturation, respectively. Every week, nitrogenous compounds and pH were measured with TETRAtest NH 3 and NO 2 aquarium kits (Tetra GmbH, Melle, Germany) and with a Hanna-HI-98107 pH Meter (Hanna Instruments, Ann Arbor, MI, USA). The values of NH 3 and NO 2 were 0-0.25 ppm and <0.3 ppm, respectively, while pH was 8.0 ± 0.1. Three different treatments with different light conditions and six replicates each were established: (I) Control (spread artificial light with no filter), (II) Blue filter (spread natural light with a filter that has a higher percentage of transmission (≥80%) between 420 to 520 nm and a lower percentage (35% to 70%) between 520 to 700 nm), and (III) focused light (focused artificial light with no filter) conditions. The different treatments shared a similar photoperiod of 12L:12D. Incident light was measured by pointing the sensor up towards the light source, while reflective light was measured by pointing the sensor down towards the tank [31] . In addition, to avoid abrupt changes in artificial light intensity, the light was switched on at 50% intensity at 8:30 a.m. and only increased to 100% intensity after 30 min.
The replicates of the control group had no disturbance on the normal rearing lighting conditions. The focused light group shared similar conditions of incident light intensity of 150-200 lux (0.22-0.29 W/m 2 ) at the air-water interface of the tank by using a 40 W incandescent bulb. To eliminate the light reflection of rearing tanks walls, a polyvinyl chloride (PVC) tube with a diameter of 160 m and a length of 250 mm was positioned around the light bulb so that light was focused at the tank bottom and no direct light reached the walls. On the other hand, in the blue filter group, replicate tanks were subjected to a natural light source with a specific blue filter, which mimicked irradiance conditions at 20-40 m ocean depth (DC Servicios Ambientales, Santa Cruz de Tenerife, Spain). In this group, a mean incident light intensity of 241 ± 27 lux (0.35 ± 0.04 W/m 2 ) over the filter was achieved with natural sunlight, which ranged from 90 lux (0.13 W/m 2 ) at 8:00 a.m. to 2000 lux (2.93 W/m 2 ) at 2:00 p.m., in our rearing facilities.
Growth and Survival
The growth of octopus paralarvae in Experiment 2 was determined by size and weight increment after 15 days of culture. Samples of 18 octopus hatchlings were collected at the beginning and at the end of the experiment from each trial treatment (three paralarvae per rearing tank). Hatchlings and 15-day-old paralarvae were anesthetized with 2% ethanol and measured in a magnifying glass (Nikon SMZ-10A-5x magnification, Nikon Corporation, Tokio, Japan) for the determination of ventral mantle length (VML) and dorsal mantle length (DML). These same individuals were euthanized in chilled seawater, washed in distilled water, oven-dried at 100 • C for 20 h, and then dry weighed in a Mettler AT201 precision scale (Mettler-Toledo S.A.E, L' Hospitalet de Llobregat, Spain). The data collected were used to calculate the specific growth rate for size and dry weight, SGR (% dry weight or size × day −1 ) = (LnW 2 − LnW 1 )/t × 100, where W 2 and W 1 are the final and the initial dry weight or size, respectively, Ln is the natural logarithm, and t is the number of days of the experiment; and survival rate, S (%) = (N f /N i ) × 100, where N f and N i are the final and initial number of octopus paralarvae in the rearing tank, respectively.
Histology
Since the objective of using a polarized filter was to enhance prey capture by paralarvae (Experiment 1), histological cuts were only performed in octopus paralarvae of control and focused light rearing treatments to determine possible differences in the amount of skin lesions (Experiment 2). Samples of 10 paralarvae, from three randomly selected rearing tanks of each group, were collected and fixed in formaldehyde at 20:1 (volume by sample). Afterwards, these were dehydrated in ethanol (70%, 90%, and 95%). Pre-infiltration, infiltration, and polymerization was performed with the contents of a Heraeus Technovit 7100 kit (Heraeus Kulzer GmbH, Hanau, Germany). Longitudinal and transverse sections of 3 µm were cut in a Microm HM 340 E microtome (Microm International GmbH, Walldorf, Germany) and stained with toluidine blue O, or Ehrlich's hematoxylin solution and eosin Y, or periodic acid-Schiff (PAS) solution. Staining solutions were acquired from Carl Roth GmbH + Co. KG (Karlsruhe, Germany).
Data Analysis
Results are presented as means ± standard deviation (SD). Data were checked for normal distribution with the one-sample Shapiro-Wilk test [41] as well as for homogeneity of the variances with the Levene test [41] and, when necessary, arcsine transformation was performed [42] . The effect of light (polarized vs. unpolarized) and type of prey (Artemia vs. copepod) in paralarvae ingestion was assessed by two-way ANOVA [41] . When normality and/or homoscedasticity assumptions were not achieved, data were subjected to a non-parametric two-way ANOVA test based on rank transformation [41] . Growth rates were assessed by one-way ANOVA followed by a Tukey's post hoc test [41] . When normal distribution was not achieved, data were subjected to Kruskall-Wallis non-parametric test, followed by a Games-Howell non-parametric multiple comparison test [41] . Statistical analysis was performed using the SPSS package version 15.0 (SPSS Inc, Chicago, IL, USA).
Conclusions
In summary, polarized light did not have a significant influence on the predation rate of O. vulgaris paralarvae on different types of prey. Nonetheless, a significantly higher ingestion was observed in Artemia sp. respect to the copepod species under assessment. The blue filter promoted the use of natural light conditions in Octopus paralarval culture, while the focused light reduced the collision of paralarvae against the tank walls. However, no significant differences were found in paralarval growth or survival. Further studies should be performed in order to clarify and better understand the possible effects of light condition (light intensity, polarization, etc.) in the rearing of O. vulgaris paralarvae.
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